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ABSTRACT

In Florida a number of highway bridges were retrofitted on their reinforced concrete (RC) girders
with carbon-fiber reinforced polymers (CFRP) during the 1990’s. Their conditions, after being in
service for approximately 10 years, are of significant interest to the State’s highway authority, as
well as researchers in the region.

This paper will evaluate if a load test on one of such bridges, which was retrofitted with CFRP at
the girders in the splash-zone and thus was subjected to severe environmental conditions, is a
feasible technique to evaluate the actual condition of the CFRP. A 3-dimensional Finite Element
Model (FEM) was utilized to assess the load-deflection behavior of the bridge. An analytical
study was used to evaluate the effective moment of inertia of the strengthened beams modeled on
the FEM.

The results indicate that the deflection change due to the amount of CFRP sheets assumed to be
effective on the beam is insignificant. The paper also shows that it would not be feasible to
estimate changes in the properties in the CFRP based only on deflection and strain
measurements.
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CHAPTER ONE: INTRODUCTION

In many countries, most of the bridge infrastructure was constructed in the mid 20th century and
is approaching the end of its expected lifespan. To keep the ageing bridges functional and safe,
there is a need for fast, efficient, and durable strengthening and rehabilitation methods. Bonding
carbon-fiber-reinforced polymer (CFRP) composite sheets or laminates on reinforced concrete
(RC) structures have been used to provide flexural and shear strengthening to beams and better
confinement to concrete in columns (Gheorghiu et al, 2004).

Chloride-induced steel reinforcement corrosion is one of the major deterioration problems for
reinforced concrete structures. The volume of the rust product is about 5 times larger than that of
the original iron (Masoud et al, 2001). The volume expansion at the surface of the rebar causes
longitudinal cracking in the concrete cover, which could spall off if severe corrosion progresses.
Structural capacity could be reduced due to loss of the bond at the steel-concrete interface and
loss of the reinforcing cross sectional area.

The short-term behavior of RC beams strengthened with CFRP laminates has been widely
investigated and well documented. Experimental and analytical investigations demonstrated that
CFRP can show significant increase in flexural strength. The increased flexural capacity can be
as high as three times the beam’s original strength, depending on factors such as reinforcing steel
ratio, concrete compressive strength, CFRP amount and properties, and the level of damage in
the beam (Masoud et al, 2001). The American Concrete Institution (ACI) Committee 440 has
developed design guidelines for external strengthening of concrete structures using CFRP.
1

In some states in the US, this strengthening technique has been used on bridge girders to restore
or strengthen reinforced concrete beams that had suffered corrosion induced damages. In Florida,
this practice began as early as 1994. After more than a decade in service, the durability of these
strengthened beams needs to be evaluated, especially at the concrete-to-CFRP interface. Many
techniques have been proposed including visual inspection, thermography, in-situ sample pulloff, and load testing.

Load testing is a standard and routine approach that the Florida Department of Transportation
(DOT) uses to evaluate the conditions of typical bridges, in which response parameters such as
deflections, strains, and accelerations are measured under known truck loads. Changes in
response recorded over time are correlated to changes in projected strengths of a bridge.

Section analysis of RC beams with CFRP strengthening indicated that, while small amounts of
CFRP can significantly increase a RC beam’s flexural strength, its impact on the beam’s stiffness
under service load is limited. This paper presents the results of a parametric study using a finite
element analysis, in which the deflection and strain of a CFRP-strengthened section of a bridge
were correlated with the thickness of the CFRP strengthening sheets, which could be used to
simulate the residual effectiveness of the CFRP sheets.

Field load tests on RC bridges strengthened with CFRP have been performed to study the effect
on the beam’s stiffness. The stiffness of the FRP systems (Shahrooz and Boy, 2004) was small in
comparison to the stiffness of the bridge deck and accordingly, the measured deflections did not
change noticeably after retrofitting. A study presented by Klaiber and Widf (2003) showed how
2

the CFRP reduced the beam deflections from 3 mm to 2.54 mm (18 % decrease). In another
study, Catbas et al (2006) tested and evaluated the performance of RC girders before and after
retrofitting. The maximum deflection before and after retrofitting was 11.6 mm and 10 mm
(16% average decrease) respectively.

This study is not intended to be a generalize tool to predict the effectiveness of a load test to
evaluate the durability of the CFRP, however this approach can be extrapolated to study beams
with other design parameters.

The results of the parametric study indicated that the deflection and strain changes are minimal
when the number of layers of a commonly used fabric increased from one to five. In an in-situ
load test, other factors, which include temperature, ambient vibration, etc., could also cause
deflection changes up to the same order of magnitude (less than 1mm). Therefore it is concluded
that it is not feasible to correlate the deflection of a bridge to the durability of the CFRP sheets.
Efforts should be placed more on other evaluation and inspection techniques.
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CHAPTER TWO: BRIDGE DESCRIPTION

The bridge under investigation has six 10.97-m-long spans. The original bridge was built
between 1945 and 1946, and expanded in 1968 for more lanes. The cross section of the bridge is
shown in Figure 1.

Figure 1: Bridge Cross Section

The concrete beams are assumed to be simply supported at the concrete bents (see Figure 2).
These bents are supported by square prestressed concrete piles with dimensions varying from
widths of 508 mm to 610 mm.

Figure 2: Bridge Elevation
4

In 1994 three deteriorated beams in the splash zone, located at the northwest side of the bridge,
were wrapped with CFRP, see Figure 3 and 4. In 1999, the CFRP was removed and wrapped
again due to concerns of debonding of the CFRP from the concrete substrate.

Figure 3: Beams Strengthened with CFRP
An inspection conducted in 2006 indicated that the CFRP sheets on the strengthened beams
appear to be well attached to the concrete. A coin tap test revealed only one isolated debond on
the side of the beam within an region of 76 mm x 76 mm, which is within the ACI prescribed
allowable range.

5

Figure 4: Beams Strengthened at Supports

Visual inspection also revealed signs of concrete spalling and rebar corrosion in several
unstrengthened locations near the strengthened beams. After a visual inspection on the bridge,
some unstrengthened beams with signs of corrosion were found. Considerable deterioration on
these beams, which included concrete spalling and steel corrosion, was observed at the bottom of
the beams or the “splash zone”. The splash zone is located approximately 1.2 m above the water
level.

6

CHAPTER THREE: FINITE ELEMENT MODELING

A Finite Element Model (FEM) is developed on a finite element analysis software platform,
ETABS 9.0, to study the feasibility of the load test approach to evaluate the durability of the
CFRP. The model is summarized as follows:

The T beams are modeled using frame elements (see Figure 5) which use a general, threedimensional, beam-column formulation that includes the effects of biaxial bending, torsion, axial
deformation, and biaxial shear deformations. CFRP contribution to the shear deformations is not
considered due to the small area ratio between the concrete and the CFRP area. Elastic behavior
is assumed on the model. Based on the assumed conditions of the CFRP on the beams, a
maximum of four layers and a minimum of zero layers are considered to still be effective.

Figure 5: Beams Section Geometry

7

The concrete bridge deck is modeled using shell elements (see Figure 6) with a thickness of 184
mm. Loads applied to the shell elements are located at the elements’ nodes. The shell element is
a four-node formulation that combines separate membrane and plate-bending behavior. The
membrane behavior uses an isoparametric formulation that includes translational in-plane
stiffness components and a rotational stiffness component in the direction normal to the plane of
the element. The plate-bending behavior includes two-way, out-of-plane, plate rotational
stiffness components and a translational stiffness component in the direction normal to the plane
of the element.

a) Undeformed shape

b) Deformed shape

Figure 6: 3D Finite Element Model

The shell elements are connected to the adjacent shell element at each node. The shell and the
frame elements are located on the same plane. Frame elements are connected at the intersections
with the shell elements along their length as shown on Figure 7. In order to not take into account
8

the stiffness of the slab twice, a stiffness factor modifier (m11) equal to 0.1 for bending is used
on the shell elements, see Figure 8. The m11 modifiers are essentially equivalent to modification
factors on the thickness of the shell elements in the traffic direction.

a)

b)
Figure 7: Shell connectivity

Figure 8: Stiffness Modifier

Only two spans of the bridge are modeled in the FEM (only the concrete barrier is continuous
along the expansion joint). Concrete and steel properties are estimated based on the available
information from the original design plans of the bridge. CFRP properties were provided by the
9

material manufacturer. Each ply of CFRP is tFRP = 0.381 mm thick. Table-1 summarizes the
material properties.
Table 1: Assumed Material Properties
Properties
27.6 MPa
414 MPa
895 Mpa
fFRP
24.9 GPa
Ec
200 GPa
Es
65.4 GPa
EFRP
10.4 GPa
G
0.2
v
f’c
fy

The concrete barrier on the side of the sidewalk shown on Figure 9-a is continuous throughout
the beam’s expansion joints at each support. The barrier is created on the FEM using frame
elements connected at the slab. The concrete barrier is not a structural element that can be
accounted for the bridge strength, but it would have an influence on the bridge stiffness. The
shell elements used to model the concrete deck are discontinuous at the expansion joint. At each
intermediate bent, the beams are separated by a 25.4mm expansion joint. The expansion joint
also separates the road material and the concrete deck as shown on Figure 9-b.
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a) Photograph

b) Elevation
Figure 9: Concrete Barrier

A typical FDOT load test configuration, in which the rear axles of the truck are loaded with
concrete blocks, is used in the model as shown in Figure 13. The locations and the values of
loads for each axle are shown on Figure 10. Each rear axle is supported by four tires. P4 and P5
are divided by the number of tires and applied as point loads to the bridge deck as shown in
Figure 11 and 12. The heaviest load case available in the FDOT loading manual is used in the
analysis. The location of the point loads was selected in order to obtain the maximum deflection
on the beams, with this load configuration the maximum moment will occur at midspan. The
location to achieve the maximum absolute moment can be found using influence lines.
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Figure 10: Loading Configuration

Figure 11: Finite Element Model and point loads
12

Figure 12: Truck Section

Figure 13: Truck Picture
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CHAPTER FOUR: BEAM STIFFNESS

The moments of inertia of the reinforced concrete beams wrapped with CFRP are calculated
using the simplified methods developed by El-Mihilmy (El-Mihilmy et al, 2000) and Charkas
(Charkas et al, 2002).

Based on the concrete beams geometry and the applied loads, the maximum moment Mmax under
the prescribed truck loading and the self weight of the structure causes the beam section to crack
but not yield, i.e., M cr < M max < M y

El-Mihilmy’s Equation was developed based on an experimental study performed on reinforced
concrete beams strengthened with fiber-reinforced polymer (FRP) plates. The average thickness
of the plates used was 3.2 mm.

Geometrical properties of the T section were evaluated using the section equilibrium approach.
With the section properties evaluated, Equation 1 developed by El-Mihilmy was applied to
calculate the effective moment of inertia:

⎛ ⎛ M
I e = I cr ⎜⎜1 + ⎜1 − max
⎜
My
⎝ ⎝

⎞
⎟
⎟
⎠

3

⎞
⎟
⎟
⎠

(1)
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Charkas Equations were developed based on a parametric study performed on a large number of
beams. All possible parameters were considered, including section dimensions and ratios of
CFRP varying from zero to its maximum, covering both CFRP rupture and concrete crushing
failure modes. This parameter variation generated 250 load-deflection solutions used in a
statistical correlation.

With the section properties evaluated, Equations 2 and 3 developed by Charkas were also applied
to calculate the effective moment of inertia. Results from the two models are then compared.

Ie =

M max ⋅ I g ⋅ I ey ⋅ ( M y − M cr )
M max ⋅ ( M y ⋅ I g − M cr ⋅ I ey ) + M cr ⋅ M y ⋅ ( I ey − I g )

(2)

Where,

I ey
Ig

⎛I
= 0.7323 ⋅ ⎜ cr
⎜I
⎝ g

(3)

⎞
⎟ + 0.111
⎟
⎠

In the bridge under investigation, Beam-1 and Beam-2 were wrapped with CFRP along the entire
span. Beam-3, which was retrofitted with CFRP in only half of the span, is modeled with an
average value of the effective moment of inertia of a CFRP-strengthened and unstrengthened
beam (as shown in Equation 4). Both the El-Mihilmy and Charkas Equations are utilized.

I

I +I
= e ACI
e, avg
2

(4)
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IACI is calculated using the ACI Equation. This value is the effective moment of inertia for
unstrengthened beams calculated from Equation 5.

⎛ M ⎞
I
= I + ( I − I ) ⋅ ⎜ cr ⎟
⎟
ACI
cr
g
cr ⎜ M
⎝ max ⎠

3

(5)

In the FEM, the moment demand is first calculated using the gross moment of inertia of all three
beams. The resulting moment demand is then used to calculate the effective moment of inertia of
the beam sections under the truck load. The deflection and strain in the beams are then calculated
by the FEM using the effective moments of inertia. The moment demand when the effective
moment of inertia is used is compared to the one used for the first iteration. The iteration
continues until the difference between the maximum moment on the beam is less than 2%

16

CHAPTER FIVE: FINITE ELEMENT MODEL VERIFICATION

The results from the FEM shown in Figure 6 are verified using the simplified model shown in
Figure 14.

Figure 14: FEM for validation.
The properties of the frame elements are based on the dimensions shown on Figure 5. The
effective moment of inertia is calculated using Charkas and ACI equations. The concrete deck is
modeled using shell elements with a thickness of 184mm. The beams are simple supported at the
ends and the shell elements are only connected to the beams.

The theoretical deflection for a simple supported beam with a point load at midspan is calculated
using Equation 6 (shear deformations are not considered).

17

∆ max =

P ⋅ L3
48 ⋅ E ⋅ I
c e

(6)

Table 2 summarizes the deflections found from the FEM shown on Figure 14 and the calculated
deflection using Equation 6. The deflection for cero layers is calculated using Ie from Charkas
and ACI Equation. The shell elements are modeled with stiffness modifiers m11=0.1 and m22=1
Table 2: Deflection Comparison.
0
Number of CFRP layers
Max deflection from the
FEM [mm]
Max Theoretical Deflection
[mm]

Ie from ACI

Ie from

1

2

3

4

Charkas

1.97

1.95

1.91

1.90

1.88

1.86

1.93

1.91

1.86

1.85

1.83

1.82

The increase on the stiffness when 4 layers of CFRP are present on the beam using the FEM and
the Equation 6 is 6% for both cases. The average difference on the deflection when a layer of
CFRP is added is approximately 1%.

Different values for the stiffness modifier used on the shell elements were investigated. The
bending stiffness modifiers m11 and m22 are used on the shell elements as shown on Figure 8.
Table 3 shows the maximum deflection assuming four layers of CFRP are present on the beam.
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Table 3: Effect of the Bending Stiffness Modifiers.

m11
0.05
0.1
0.3
0.6
0.9
1

Max deflection [mm]
m22
1
0.5
1.86
1.86
1.86
1.86
1.85
1.85
1.84
1.84
1.83
1.83
1.82
1.82
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0.1
1.87
1.86
1.85
1.84
1.83
1.82

CHAPTER SIX: RESULTS

The effective moment of inertia calculated using El-Mihilmy Equation for one layer of CFRP is
smaller than IACI, which is calculated using the ACI Equation for the unstrengthened beam. Iea is
13% and 4% less for Beam-1 and Beam-3 respectively when compared with IACI . For Beam-2,
this value is approximately the same, 0.99 (see Iea/IACI on Table 4).

The value of Ie/IACI , which is the ratio between the strengthened moment of inertia and the
baseline, is expected to be higher than unity due to the contribution of the CFRP to the beam
stiffness. Deflection calculations are based on the effective moment of inertia calculated using
Charkas Equation. Due to the geometry and amount of CFRP on the beams, this equation seems
to better fit the actual conditions on the bridge.

For all beams and amount of CFRP layers, the equation developed by Charkas gives a higher
effective moment of inertia than the one calculated using the ACI Equation for the
unstrengthened beam, with a maximum value of 15% for Beam-2 when four layers are used and
a minimum of 6% for Beam-1 when one layer is used (see Ieb/IACI on Table 4).

In all cases, the deflection on the beams increased as the number of CFRP layers decreased. The
deflections on Beam-1 and Beam-2 increased by 5% while the deflection on Beam-3 increased
by only 2%. These percentages are based on the calculated deflections which highlight the
difference between the use of four CFRP layers and unstrengthened beams.
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Since the location of Beam-2 is under the loading points, it is subjected to the highest bending
moment. Figs. 15-a and 15-b show that Beam-2 has a lower effective moment of inertia Ie and a
higher predicted deflection compared to Beam-1 and Beam-3.

As shown in Figure 15-a, the deflection in Beam-2 decreases linearly from 4.6 to 4.4 mm when
the number of CFRP sheets increases from zero to four. When an additional layer of CFRP is
added on the beam, the deflection reduces by an average of approximately 1%.
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Table 4: Normalized Moment of Inertia
Beam-1
Mmax = 512 kN-m, IACI= 4.98 x 1010 [mm4]
No of Layers

0

1

2

3

4

Iea/IACI

0.85

0.87

0.89

0.91

0.93

Ieb/IACI

1.05

1.06

1.08

1.09

1.11

∆max [mm]

2.29

2.26

2.24

2.22

2.19

Beam-2
Mmax = 605 kN-m, IACI= 4.15 x 1010 [mm4]
No of Layers

0

1

2

3

4

Iea/IACI

0.97

0.99

1.02

1.04

1.06

Ieb/IACI

1.09

1.10

1.12

1.14

1.15

∆max [mm]

4.60

4.55

4.50

4.45

4.40

Beam-3
Mmax = 496 kN-m, IACI= 5.19 x 1010 [mm4]
No of Layers

0

1

2

3

4

Ie,ava/IACI

0.95

0.96

0.97

0.98

0.99

Ie,avb/IACI

1.06

1.07

1.08

1.09

1.09

∆max [mm]

2.46

2.44

2.43

2.42

2.41

Note: Iea from El-Mihilmy Equation
Ieb from Charkas Equation
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5.60E+10

4.50
Beam-1
Beam-2
Beam-3

5.00E+10
4.80E+10

4.00

Beam-1
Beam-2
Beam-3

3.50
3.00

2 Layers

No FRP

4 Layers

3 Layers

2 Layers

1 Layer

No FRP

a) Effective moment of inertia

4 Layers

2.00

4.40E+10

3 Layers

2.50

4.60E+10

1 Layer

Ie [mm4]

5.20E+10

∆max [mm]

5.40E+10

b) Deflection

Figure 15: Values using the Ie from Charkas Equation

The bending moment distribution of Beam-2, which is the most heavily loaded when both the
dead load and truck loads are considered, is shown in Figure 16. The maximum bending moment
is close to 580 KN-m at midspan.

600.0
500.0

M [kN-m]

400.0
300.0
200.0
100.0
0.0
0

1

2

3

4

5

6

7

8

9

Beam Location [m]

Figure 16: Moment Diagram on Beam-2.
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10

11

The strain distribution along the bottom of the Beam-2, which is shown in Figure 17, changed by
5% when the number of CFRP layers changed from one to four. The highest strain value is

Strain on CFRP [µε]

approximately 400 µε.

One Layer
Two Layers
Three Layers
Four Layers

450.0
400.0
350.0
300.0
250.0
200.0
150.0
100.0
50.0
0.0
0

1

2

3

4

5

6

7

8

9

10

Location [m]
Figure 17: Strain Distribution on CFRP.
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CHAPTER SEVEN: CONCLUSIONS

This study investigates the change in the deflection when different layers of CFRP are
assumed to still be effective on the girders of a reinforced concrete bridge. A Finite Element
Model of the bridge was created. Only two spans of the bridge were modeled. The effective
moments of inertia of the concrete girders were evaluated using two different equations.
These values are calculated assuming different number of layers of CFRP. The effective
moments of inertia were used on the FEM. Under all the assumed conditions such as
reinforcement ratio, bridge geometry, bridge modeling and loading values the FEA results
show that the deflection difference due to the change in number of CFRP sheets is 1%
(average) for each layer. It should be noted that the percentage change due to CFRP is
affected by other parameters such as span to depth ratio, beam spacing, load magnitude and
reinforcement ratio.

Due to the variation in field conditions, this amount of deflection change is not likely to
provide conclusive information on the durability of the CFRP using load test alone on the
bridge studied in this thesis. Load test could be considered in conjunction with other
nondestructive test methods to evaluate the actual condition of the CFRP.
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